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ELECTROCHEMICAL HOMOPOLYMERIZATION OF 
BENZOTHIOPHENE AND COPOLYMERIZATION OF 
BENZOTHIOPHENE WITH PYRROLE AND THIOPHENE  
 
 
SUMMARY 
 
The developments on conjugated polymers in last two decades, progress on varity of 
synthesis instruments and the optimization of the physical properties which clarifies 
the relationships of structural features enabled the preparation of fairly pure 
polymers. Developments show that there are discernible changes on their optical low 
bands and colours which are very useful for electrochromical devices. 
By the help of these important developments scientist are working on conductive and 
conjugated polymers in order to create various kinds of copolymers which have 
different features from their homopolymers. For industrial usage it is very important 
to modify the feature of the polymers in various application opportunities. 
Among these studies Pyrrole and Thiophene based studies occupy considerable space 
due to their low band gap, high conductivity and stability on environmental and 
operational conditions. Many scientists have worked on copolymers of Pyrrole and 
Thiophene derivatives in order to strengthen specific features of the copolymers. 
Another interesting monomer in recent years is Benzothiophene. Despite less 
literature study, it attracts attention of many scientists. Some features and behaviours 
of Benzothiophene and its derivatives have been studied but electrochemical 
polymerization and copolymerization with Thiophene and Pyrrole haven’t been 
studied yet. And our study will be first regarding to the electrochemical synthesis of 
both homopolymer and copolymers with Pyrrole and Thiophene. 
In this study, the polymerization of Pyrrole (Py), Thiophene (Th) and 
Benzothiophene (BTh) and copolymerization of Pyrrole (Py) with Thiophene (Th) 
and with Benzothiophene (BTh) were synthesized by electrochemical methods and 
compared with each other in detail.  
Final copolymers were obtained by cyclic voltammetry and characterized by known 
methods. (NMR, FT-IR, spectroelectrochemistry, and 4 probe conductivity 
measurements, and electrochemical impedance spectroscopy, EIS). Electroactivitiy, 
electronical features, polarization graphs of polymers were done by Cyclic 
Voltammetry and electrochemical empedance measurements and insitü 
spectroelectrochemical measurements and morphologies of final products were 
investigated. Ionization potential Ip, electron affinity Ea, optical band gap Eg, peak 
potentials Ep, doping degrees y and capacitive features were optained. All resuts 
were compaired for copolymers and homopolymer through empedance 
measurements at the same conditions.  
 
 x 
BENZOTĐYOFENĐN ELEKTROKĐMYASAL HOMOPOLĐMERĐZASYONU 
VE BENZOTĐYOFENĐN PĐROL VE TĐYOFEN ĐLE 
KOPOLĐMERĐZASYONU  
 
 
ÖZET 
 
Son yirmi yılda konjüge polimerler konusundaki gelişmeler, sentez enstrümanlarının 
çeşitliliğinin artması ve polimerlerin yapısal davranış ilişkilerini açıklayan fiziksel 
özelliklerinin optimizasyonu çok daha saf polimerler hazırlanmasını sağlamıştır. 
Gelişmeler gösteriyor ki; konjüge polimerlerin düşük optik bantları ve önemli renk 
değişimleri elektrokromik aletlerin kullanılmasını da mümkün kılıyor.  
Bu önemli gelişmeler sayesinde bilimadamları homopolimerlerinden farklı ve çok 
çeşitli kopolimerler oluşturmak üzere iletken ve konjüge polimer üzerinde çalışmalar 
yapmışlardır. Endüstriyel kullanımda çeşitli uygulama fırsatları yaratılması için 
polimerlerin özelliklerinin modifiye edilebilmesi çok önemlidir.  
Bu çalışmalar arasında Pirol ve Tiyofen tabanlı çalışmalar düşük band aralığı, yüksek 
iletkenlikleri ve çevresel ve kullanım sırasındaki kararlılıkları nedeniyle önemli bir 
yer işgal etmiştir. Bir çok bilimadamı Pirol ve Tiyofen türevlerinin kopolimerleri 
üzerinde çalışarak kopolimerin belli özelliklerini kuvvetlendirmeye çalışmıştır. 
Son yıllarda dikkat çekmeye başlayan bir diğer monomer ise Benzotiyofendir. 
Literatürde daha az çalışma olmasına rağmen bilimadamlarının dikkatlerini 
çekmiştir. Benzotiyofenin ve bazı Benzotiyofen türevlerinin belli özellikleri ve 
davranışları çalışılmıştır ancak elektrokimyasal polimerizasyonu ve Tiyofen ve Pirol 
ile kopolimerizasyonu henüz çalışılmamıştır. Ve bizim çalışmamız hem 
homopolimer ve hem de Pirol ve Tiyofen ile kopolimerinin elektrokimyasal sentezi 
adına literatürde ilk çalışma olacaktır. 
Bu çalışmada, Pirol, Tiyofen ve Benzotiyofenin homopolimerizasyonu ve Pirolle 
Tiyofenin, Benzotiyofenle Pirolün ve Benzotiyofenle Tiyofenin kopolimerizasyonu 
elekrokimyasal metodlarla gerçekleştirilecek ve özellikleri ayrıntılı olarak 
karşılaştırılacaktır.  
Nihai kopolimerler döngülü voltametri ile elde edilecek ve bilinen belli yöntemlerle 
(FT-IR, spektroelektrokimya, 4 nokta iletkenlik ölçümleri ve elektrokimyasal 
empedans spektroskopisi, EIS) karakterize edilecektir. Polimerlerin elektroaktivitesi, 
elektronik özellikleri, polarizasyon grafikleri döngülü voltametri ve elektrokimyasal 
empedans spektroskopisi ile yapılacak ve nihai ürünlerin institü 
spektroelektrokimyasal ölçümleri ve morfolojileri çalışılacaktır. Đyonlaşma 
potansiyeli Ip, elektron ilgisi Ea, optik band aralığı Eg, pik potansiyelleri Ep, 
doplanma dereceleri y ve kapasitif özellikleri elde edilecektir. Bütün bu sonuçlar 
kopolimer ve homopolimerler için empedans ölçümleri aracılığıyla aynı şartlarda 
karşılaştırılacaktır. 
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1. INTRODUCTION 
 
Conducting polymers such as polypyrrole, polythiophene, polybenzothiophene have 
attracted considerable attention over recent years. Such materials are capable of 
undergoing numerous molecular and biomolecular interactions. After many 
conductive polymer researches, many scientists started to work on the 
copolymerizations and the derivatives of these monomers. Conductive polymers or 
blends can be obtained by electrolysing the solution of two monomers under suitable 
conditions or by first growing one conductive polymer on the surface of electrode as 
a film and later using that electrode for the polymerization of second monomer in a 
separate cell. We have used the first method of electrolyzing the blends of monomers 
in most suitable conditions in order to obtain stable and well coated copolymers. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1: Conductivity of some polymers 
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 The developments on conjugated polymers in last two decades, progress on varity of 
synthesis instruments and the optimization of the physical properties which clarifies 
the relationships of structural features enabled the preparation of fairly pure 
polymers. Developments show that there are discernible changes on their optical low 
bands and colours which are very useful for electrochromical devices. 
Over resent years the development of organic based materials and their applications 
in electronical industry have been attracted the attention of many scientists. 
Polythiophene originated conductive polymers have been always interesting for 
especially industrial searchers for 15 years because of the important features of their 
doped phases such as thermokromizm, solvatokromizm, electrocromizm, 
fotoluminesans and electroluminesans. [1-6]  
Electrochemical polymerization of thiophene is mostly obtained in organic solvents 
and with Ag/Ag electrode with around 1,9 V potential. Overpotentials harm the 
conjugated system due to the overoxidation. Such overpotential could be reduced by 
the attendance of an electrone donor substituent such as a heterocyclic ring. 
Electrochemical polymerization becomes easier by the removal of an electrone from 
the α-position of the heterocyclic ring and the reduction of the aromatic ring.[7] .Due 
to the display of various colour changes, functionalized polythiophenes are 
potentially electrochromical material. Some conjugated polymers are coloured both 
as they are reduced and oxidized. The family of polythiophene attracts special 
attentions also due to the stability on environmental and operational conditions.[8] 
Some of the desired subjects are the copolymerization of thiophene which has 
suitable and similar feautures with its homopolymer therefore the electrochromical 
properties are controlled. Especially with different substituents, the function of 
thiophene ring and the physical and chemical properties of polymer changes 
dramatically. Many resarches have been done regarding the synthesis, chemical and 
electrochemical production and related characterization of new monomers. [9] 
Another interesting polymer is polypyrrole due to its high conductivity and stability. 
Many techniques are used for polypyrrole syntesis and reported in 
literature.Conductive polypyrrole (PPy) can be obtained by chemical oxidation and 
by electrochemical techniques. In addition, another technique used for strengthening 
its mechanical properties is preparing a composite with a conductive polymer and an 
insulating polymer. [10] Nevertheless; polypyrrole is mostly obtained by 
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electrochemically. Final product is analized with FT-IR and conductivity 
measurements. Since the first electrocopolymerization of Pyrrole, electrolyctical 
preperation of many electroconductive polymers has been investigated in detail.[11] 
Especially some heterocyclic compound polymers such as Polypyrrole (PPy) and 
polythiophene have attracted more interest and many researchs about the applications 
of these polymers have been done and published. [12-14]  
Besides various kinds of heterocyclic compound copolymerization and the 
electrochemical feauters of the final copolymers have been studied and published in 
recent years. Up until now, the copolymers of pyrrole with N-carbazole [15], with m-
toluidine [16], N-metil pyrrole [17], with phenol[18] with terthienlylin [19], with 
aniline [20] , with thiophene [21] , with furan [22] have been done by the electrolytic 
oxidation of comonomer blends. In addition nanofibres of pyrrole and thiophene 
copolymer studies with template synthesis method [23] and thiophene functionalized 
conductive polystyrene copolymer studies have been done. [24] Electrochemical 
oxidations of the monomer blends have been achieved based on their close oxidation 
potentials.  
Other related copolymerization studies in literature are: Redox Chemistry of 
Thiophene, pyrrole and thiophene-pyrrole-thiophene oligomers [25], copolymers of 
thiophene with benzene [26] and electrochemical polymerizations of 2,2-
thienylpyrrole and 1,4-di-(2-thienyl)benzen have been achieved. Additionally, 
chemical synthesis of thiophene and pyrrole copolymer [27], the redox chemistry of 
thiophene, pyrrole and thiophene-pyrrole-thiophene olygomers [28], synthesis of 
thienylfuran and oligothiophene and oligofuran comparison [29], chemical synthesis 
and characterization of pyrrole and m-toluidine copolymer [30], electrochemical and 
chemical syntehesis of polythliophene based oligo(oxyehylene) [31] have been done. 
Together with these studies, synthesis and characterization of thiophene derivatives 
such as 3-{[4-(thien-3-yl-methoxy)phenoxy]metil}thiophene with thiophene[32], 3-
[(3-thienylcarbonyl)oxy-2,2-bis{[(3thienylcarbonyl)oxy]}propyl 3-tiyofen 
carboxylate with tihophene and pyrrole[33], 3-butylthiophene and ve 3-
bromothiophene [34], 3-(4-fluorophenyl)thiophene and 3,4-etilendioksithiophen 
[35], bifunctional amido-thiophene monomers with thiophene monomer[36] have 
been studied. 
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In addition to thiophene, there are some related studies on benzothiophene in 
literature. Electrochemical synthesis of dihydro-benzo[b]thiophene derivatives [37], 
poly[1-(thiophene-2yl)benzothieno[3,2-b]benzothiophene], catalytical oxidation of 
benzothiophene and dibenzothiophene [38], electrochemical polymerization of 
dithienothiophene [39], electrochemical synthesis of 4,7-benzothiophene vinylene 
polymer [40], monomer synthesis of dibenzothiophene derivatives and 
electrochemical polymerization [41] are related studies in literature. 
Although there are pyrrole and thiophene homopolymer and copolymer studies in 
literature, there are no studies on electrochemical homopolymerization or 
copolymerization of benzothiophene with pyrrole or thiophene in present.  
In this study, the polymerization of Pyrrole (Py), Thiophene (Th) and 
Benzothiophene (BTh) and copolymerization of Pyrrole (Py) with Thiophene (Th) 
and with Benzothiophene (BTh) were synthesized by electrochemical methods and 
compared with each other in detail. In order to compare the behaviours of them, 
copolymers of pyrrole with thiophene and with benzothiophene and thiophene with 
benzothiophene were done by electrochemical methods. Structure of polymers, 
copolymers and their abbreviations are given in Table 1 underbelow.  
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Table 1.1. Structure of monomers, polymers and copolymers  
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Final copolymers were obtained by cyclic voltammetry and characterized by known 
methods. (FT-IR, spectroelectrochemistry, 4 probe conductivity measurements, and 
electrochemical impedance spectroscopy, EIS). Electroactivitiy, electronical features, 
polarization graphs of polymers were done by Cyclic Voltammetry and 
electrochemical empedance measurements and insitü spectroelectrochemical 
measurements and morphologies of final products were investigated. Ionization 
potential Ip, electron affinity Ea, optical band gap Eg, peak potentials Ep, doping 
degrees y and capacitive features were optained. All resuts were compaired for 
copolymers and homopolymer through empedance measurements at the same 
conditions.  
The copolymerization of benzothiophene with pyrrole and thiophene for the first 
time in literature, and copolymerization of pyrrole and thiophene were done by 
electrochemical methods. Results were compaired between homopolymers and 
copolymers.  
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2. THEORETICAL PARTS 
2.1. Conducting Polymers  
Conducting polymers, commonly known as “synthetic metals” are conjugated 
polymers, namely organic compounds that have an extended pi-orbital system, 
through which electrons can move from one end of the polymer to the other. They 
have unique electrical, electronic, magnetic and optical properties of metals, which 
conventional polymers do not have [42]. The commonly studied organic polymers 
are polyacetylene, polypyrrole, polyaniline, and the derivatives of these polymers. 
All these polymers (Figure 2.1.) are famous because of their highly conjugated 
backbone. 
Figure 2.1: Some conducting polymer structures 
 
2.1.1. Doping in conductive polymers 
Conductive polymers can be 'doped' by adding chemical reactants to oxidise the 
system to push electrons into the conducting orbitals within the conducting system. 
There are two main methods of doping a conductive polymer, both through a redox 
process. The first method, chemical doping, involves exposing a polymer to an 
oxidant or reductant. The second is electrochemical doping in which a polymer-
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coated, working electrode is suspended in an electrolyte solution in which the polymer 
is insoluble along with separate counter and reference electrodes. An electric potential 
difference is created between the electrodes which causes a charge to enter the 
polymer in the form of electron addition (n doping) or removal (p doping). [42] 
The reason n doping is so much less common is that the atmosphere is oxygen-rich, 
which creates an oxidizing environment. An electron-rich n doped polymer will react 
immediately with elemental oxygen to de-dope the polymer. Thus, chemical n 
doping has to be done in an environment of inert gas. Electrochemical n doping is far 
more common in research, because it is easier to exclude oxygen from a solvent in a 
sealed flask; however, there are likely no commercialized n doped conductive 
polymers. [42] 
2.1.2. Polaron / Bipolaron Theory and Doping Degree 
Electrical conduction mechanism in polymers is explained with polaron / bipolaron 
theory. Electrochemical doping is done by applying an external reductive (n-doping) 
or oxidative (p-doping). When the polymers are oxidized by an external oxidizer 
termed dopant, charge carriers called polarons are created along the polymer 
backbone. A polaron (+) or radical cation is achieved by electron transfer from a 
conjugated polymer to an oxidant (dopant), unpaired electron coupled with a positive 
charge is the direct result of this transfer. At high doping level, the unpaired electron 
in the polaron structure is removed resulting in the formation of bipolaron (Figure 
2.2.)  
 
Figure 2.2: Removal of two electrons (p-doping) from a PTh chain produces a bipolaron. 
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After the doping mechanism, the charge carrier can be delocalized along the 
backbone chain so a conducting polymer is achieved. If the radical cation can 
overcome the columbic binding energy to the acceptor anion with thermal activation 
energy or at high dopant concentrations, the polaron will move or delocalize 
throughout the backbone and contribute to the electrical conductivity [43]. The 
dopant concentrations required for maximum conductivity are exceptionally high, 
typically accounting for 50% of the final weight of the conducting polymer. 
The oxidized form of polymer contains positive charge carriers, in the form of 
polarons or biopolarons, but at the same time the positive charge should be 
compensated by a corresponding amount of negative charge. This is commonly done 
by incorporating of anions from the electrolyte solution during the polymerization 
process. It is natural that the size and character of the anions may have a pronounced 
effect on the quality of the polymer. 
An important parameter that characterizes the oxidized (doped) polymer is the ratio 
between the number of charges in the polymer and the number of monomer units. 
This ratio is called the doping level or doping degree.  
Doping degree is usually between 0,1 and 0,4. The inverse of the degree of doping 
gives the average number of monomer units in which the positive charge is 
delocalized. Doping degree is a parameter that describes the quality of the 
conducting polymer, especially its capacity for charge storage, which has 
conciderable significance in various applications such as batteries and 
supercapacitors. [44].  
 
2.2. Electropolymerization  
Electropolymerization is very often used to characterize conducting polymer films. 
This is the method for studying the reversibility of electron transfer. In an 
electrochemical polymerization, a potential is applied across a solution containing the 
monomer and an electrolyte, producing a conductive polymer film on the anode, 
therefore the oxidation and reduction can be monitored in the form of a current-
potential graph.  
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2.2.1. Polypyrrole 
Polypyrroles (PPys) are formed by the oxidation of pyrrole or substituted pyrrole 
monomers. In most cases, these oxidations have been carried out by either 
electropolymerization at a conductive substrate (electrode) through the application of 
an external potential, or chemical polymerization in solution by the use of a chemical 
oxidant. Photochemically initiated and enzyme-catalyzed polymerization routes have 
also been described but are less developed. These various approaches produce poly-
pyrrole materials with different forms.The conducting polymer products also possess 
different chemical and electrical properties.  
The assembly of polyprroles (PPys) is an intricate process that determines the 
molecular and superstructure of the polymer obtained. This influences the chemical, 
electrical and mechanical properties of the material. Electrochemical synthesis is 
usually carried out by potentiodynamic method with the potential in the range 
between –0.2 V and 1.2 V for Py. Experimental parameters of the synthesis and 
method of the preparation affect the homopolymers and copolymers. The effect of 
dopant dimension on the structure of films was studied by scanning microscopy 
(SEM).  
The polymerization mechanism of Py is: 
Initiation: 
 
Py     -e-     Py+ · 
 
2Py +·     Py + - Py +        
  Dimerdication  
   
Py + - Py +            - 2H+             Py - Py dimer        
Dimerdication       
 
Propagation: 
 
Py-Py dimer        -e-  Py-Py+ ·              Py-Py  + ·           Tetramer 
   Dimercation radical        _ 2H+                                  
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Termination: 
 
Tetramer         -e-           Tetramer + ·          Tetramer  + ·       Polymer             
           _ 2H+                                  
2.2.2. Polythiophene 
Polythiophenes are famous because of their stability both on their doped and in 
undoped states. Most commonly used aspect of them is the ease of 3-substitution, 
which can be used to prepare new polymers or copolymers with exciting properties. 
The conductivity of thiophene (100 Ώ¯ı/cm), their excellent processing possibility 
and good doped state stability have made them most frequently studied conomers. 
 Electrochemical synthesis is usually carried out by potentiodynamic method with the 
potential in the range between 0,0V and 1.9 V for Th. 
The polymerization mechanism of Th is:  
Initiation: 
 
Th     -e-     Th+· 
 
2Th +·     Th + - Th +        
 Dimerdication  
   
Th + - Th +            - 2H+             Th - Th dimer        
Dimerdication       
 
Propagation: 
 
Th-Th dimer        -e-         Th-Th  + ·              Th-Th  + ·           Tetramer 
 Dimercation radical  
 _ 2H+                                  
 
Termination: 
 
Tetramer         -e-           Tetramer + ·          Tetramer + ·       Polymer                        
          _ 2H+                                  
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2.2.3. Polybenzothiophene 
In contrast to Thiophene and Pyrrole relatively few works have been devoted to 
benzothiophene which is based on heterocylic system contining a thiophene unit. 
Because of the conjugated structure of the corresponding monomer these polymeric 
sytems presented the advantage to be electrosynthesized at much lower oxidation 
potentials than thiophene. In this study we performed experiments regarding to 
benzothiophene synthesis and benzothiophene based copolymer synthesis and 
characterization by electrochemical methods. 
The reaction mechanism of PBTh is: 
Initiation: 
 
BTh     -e-     BTh+ · 
 
2BTh + ·     BTh + - BTh +        
  Dimerdication  
   
BTh + - BTh +      - 2H+            BTh - BTh dimer        
Dimerdication       
 
Propagation: 
 
BTh-BTh dimer     e- BTh-BTh + ·     BTh-BTh + ·        Tetramer   
       Dimercation radical       _ 2H+                 
  
Termination: 
 
Tetramer         -e-           Tetramer + ·      Tetramer + ·       Polymer           
          _ 2H+                                  
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2.3. Characterization Techniques 
 
2.3.1. Cyclic voltammetry (CV) 
All electrochemical experiments were performed in a 3-electrode cell. For 
electropolymerization, CV and EIS measurements a PARSTAT 2263 Potentiostat 
was used (showed in Figure below). Princeton Applied Research, Parstat 2263 model 
potentiostat which is a self contained unit that combines potentiostat circuitry with 
phase-sensitive detection. Faraday cage that Bass Cell Stand C3 was used for cyclic 
voltammetry (CV) experiments. Electropolymerization was performed in three- 
electrode system with a Pt bottom electrode as a working electrode, platinum (Pt) 
wire as a counter and silver (Ag) wire as a pseudo reference electrode.  
CV measurements enable us to learn about the polymerization mechanism and 
electrochemical behaviour of the polymer film. Through these measurements we also 
learn about the oxidation potentials of monomers and optimum thickness behaviour 
of polymer in monomer free solution. 
 
Figure 2.3. PARSTAT 2263 Potentiostat 
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2.3.2. Electrochemical impedance spectroscopy (EIS):  
Electrical Impedance (Z), is the total opposition that a circuit presents to alternating 
current. Impedance is measured in ohms and may include resistance (R), inductive 
reactance (XL), and capacitive reactance. (Equation-1) 
Nyquist plot gives us all necessary information about the electrode-electrolyte 
interface and the reaction. As the shifts get closer to 90 º through the increased cycle, 
the film are mostly capacitive. Similarly Bode diagram let us know about the 
electrode-electrolyte interface, and also provides us the information about impedance 
responces are resistive primarily at high and low frequencies. In addition we can 
figure out the impedance IZI values of the material. EIS Measurements let us know 
about the strength and conductivity of the film on the electrode, ability of the 
polymer film to be used as a capacitance material , phase angles, and the 
transportation time of charge.  
 
 
 
 
 
 (Eq-1) 
EIS measurements were taken at room temperature (25oC) using a conventional three 
electrode cell configuration. The electrochemical cell was connected to a Potentiostat 
(PARSTAT 2263) with interfaced to a computer. An electrochemical impedance 
software PowerSine was used to carried out impedance measurements between 10 
mHz and 10 kHz. The AC amplitude voltage used for the experiments was 10 mHz 
and DC potentials.  
 
 
Where: 
Z = Impedance (ohm) 
R = Resistance (ohm) 
XL = 
Inductance 
Reactance(ohm) 
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2.3.3. Attenuated total reflection fourier transform infrared spectroscopy 
Attenuated Total Reflectance (ATR) spectroscopy, known as internal reflection 
spectroscopy or multiple internal reflectances (MIR), is a versatile, nondestructive 
technique for obtaining the infrared spectrum of the surface of material or the 
spectrum of materials either too thick or too strongly absorbing to be analyzed by 
standart transmission spectroscopy. 
 
Figure 2.4: Schematic representation of path of a ray of light for total internal reflection (Single 
reflection). The ray penetrates a fraction of a wavelength (dp) beyond the reflecting surface into the 
rarer medium of refractive index n2 and there is a certain displacement (D) upon reflection, n1 is 
refractive index of the interval reflection elements 
Attenuated Total Reflectance (ATR) FTIR is widely used by researchers to examine 
a variety of sample types including solids, powders, pastes and liquids for food 
analysis, biomedical applications, polymers, and thin films. In addition to the 
identification of functional groups during more routine analysis, ATR-FTIR 
spectroscopy is useful for mechanistic studies of vapor-solid interactions during 
chemical vapor deposition or heterogeneous catalysis by in situ real time monitoring 
of surface species. These experiments typically require the IR beam to exit the 
spectrometer, pass through a vacuum system or pressure reactor containing the ATR 
crystal and gas phase molecules of interest via IR transparent windows, and finally to 
return to the spectrometer for detection. 
2.3.4. Spectroelectrochemistry 
We used Shimadzu UV-160 UV-Visible Spectrophotometer for the 
spectroelectrochemical experiments. 
In-situ spectroelectrochemical experiments were carried out for PPy, PTh, PBTh and 
Poly (Py-co-Th), Poly (BTh-co-Py), Poly (BTh-co-Th). For all experiments, first of 
all we adjusted the equipment for baseline and then we coated the ITO with the 
polymer or copolymers to investigate the differences among them. We plotted the 
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graphs by using the obtained datas to estimate the band gap energies of each ones. Eg 
(Band gap energy), Ea (Electron affinity) and Ip (Ionization potential) are calculated 
though these measurements.  
 
Figure 2.5. Shimadzu UV-160 UV-Visible Spectrophotometer 
 
2.3.5. Scanning electron microscopy 
The morphological studies were analyzed using a SEM. The morphological features 
of electrochemically synthesized PPy, PTh, PBTh and Poly (Py-co-Th), Poly (BTh-
co-Py), Poly (BTh-co-Th) were performed by scanning electron microscopy (SEM) 
by using JEOL JSM-T330 Scanning Electron Microscopy.  
2.3.6. Four probe conductivity measurements 
Electrical conductivity is the capability of the material to conduct the current. In 
order to measure the electrical conductivity the product was compacted under 10 tons 
pressure to obtain thin pellet. Typical sample dimension were 13mm and the 
thickness was 0.8 mm. Conductivity measurements were performed by use of Four-
Probe Technique and calculated from the following equation: 
σ =V-1. I (ln2 / πdn)   (Eq. 2) 
Where V is the potantial in volts, I is current in amper and dn is the thickness in cm, 
σ is the conductivity in S/cm. 
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3. EXPERIMENTAL WORK 
3.1.    Chemicals  
Monomer pyrrole was used from Fluka with a purity of %97; Monomer thiophene 
was used from Sigma Aldrich with a purity of %99; Monomer benzothiophene was 
used from Aldrich with a purity of %95. Tetrabutylammonium hexafluorophosphate 
was used from Fluka with a purity of %98. DCM was used from Merck with a purity 
of %99,8. 
3.2. Electropolymerization  
The electropolymerization reactions were carried out by the CV technique. The 
potential was linearly swept between most suitable voltages given underbelow chart 
for monomers and comonomers. The potentials were changed to observe the effect of 
it. After some literature search and test experiments in order to figure out the best 
electrochemical environment, we decided that the most applicable electrolyte will be 
TBAPF6 (Tetrabutylammonium hexafluorophosphate) in DCM for Py, Th, BTh and 
their comonomer mixtures of them in order to get a homogeneous and stable coating. 
Therefore, electropolymerizations were performed in 0.1 M in TBAPF6 in DCM as 
an electrolyte with different monomer concentrations, scan rates, and scan numbers. 
After determining their Ramp graphics we set the polymer growth voltages. Polymer 
growth graphics gave important information for us about the monomer free voltages. 
Again the potential was linearly swept with different scan rates and the redox 
behaviour of the copolymer films were obtained in the monomer free solution by 
using different scan rates.We also determined the best scan rate for monomer free 
experiments by testing the polymers or copolymers in various scan rates. 
3.3. Doping Degree 
We have done the doping degree experiments by cyclic voltammetry. We have 
coated the electrode with the polymer same as the polymer growth experiment with 
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2, 4 and 8 cycles. Then we obtained the ∆Qpg from the polymer growth graph for 
each cycle. Then we dip the coated polymer into the monomer free solution and 
rescanned it between 0,0 V and -1,0 V. Then we get the graph on which we obtained 
∆Qfd .By the help of these two measurements we have obtained the dopping degree 
(y) with underbelow formula (Equation 3): 
DD=         2. Ι ∆Qfd Ι       ( 1mC =10
3
 µC ) 
 ( ∆Qpg - Ι ∆Qfd Ι )   
     
(Eq-3) 
3.4. Electrochemical Impedance Spectroscopy Study 
Electrochemical Impedance Spectroscopy (EIS) measurements were performed at 
open circuit potential in the range of 10 kHz-10 mHz (application of amplitude of 
10mV) for PPy, PTh, PBTh, Poly (Py-co-Th), Poly (BTh-co-Py), and Poly (BTh-co-
Th) electrochemically obtained at different charges (number of cycles) with the most 
appropriate scan rates for each monomer. 
3.5. Spectroelectrochemical Study 
For spectroelectrochemical studies, polymer films were synthesized on indium tin 
oxide (ITO) coated glass slides from the determined concentration of monomer or 
comonomer in 0,1M in TBAPF6 in DCM using potentiodynamic deposition at a 
constant potential .The film washed before studying the spectroelectrochemical 
properties with DCM solution and a series of UV-Vis spectra were obtained at 
various potentials (±1,0V) with different time intervals. Spectroelectrochemical 
measurements were carried out using Shimadzu UV-160A UV-Vis 
spectrophotometer. A three electrode cell was used. The working electrode was an 
ITO coated glass slides (8 mm x 50 mm x 1.1 mm , 30mm of the ITO electrode 
immersed into the solution to keep electrode area constant at 2.4 cm2, Rs≤10Ώ 
provided from Colorado Concept Coatings LLC) the counter was a platinum wire 
and silver wire as the pseudo reference electrode. The potentials were applied using 
Wenking Model LB 81 Laboratory Potentiostat. Data were recorded with Shimadzu 
UV-160A UV-Vis spectrophotometer. 
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3.6. Four Probe Conductivity Measurements 
In order to measure the electrical conductivity the product of electrochemically 
produced PPy, PTh, PBTh and Poly (Py-co-Th), Poly (BTh-co-Py) and Poly (BTh-
co-Th) were compacted under 10 tons pressure to obtain thin pellet. Typical sample 
dimension were around 13mm and the thickness was 0.8 mm. Conductivity of these 
pellets have been measured through 4 probe of the equipment which measures the 
potential and the current values of the product. These two values let us measure the 
conductivity of the polymers and copolymers through the Equation 2.  
Where V is the potantial in volts, I is current in amper and dn is the thickness in cm, 
σ is the conductivity in S/cm. 
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4. RESULTS AND DISCUSSION 
 
4.1. Electrochemical Polymerization of Py and Characterization of PPy 
Electropolymerization process was performed in 0.1 M TBAPF6 in DCM at various 
scan rates, cycle numbers and monomer concentrations. DCM was chosen as a 
standard solvent to prepare electrolyte for polymerization during this study. 
Electropolymerization of Py was achieved by potentiodynamically in 0.1 M TBAPF6 
in DCM electrolyte solution containing 4,92x10¯³ M Py for polymerization of Py in 
between -0.2V and +1.2V at a scan rate of 50mV/s  
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Figure 4.1. Ramp plot of Py. [Monomer: 4,92x10¯³ M Py, Electrolyte: 0.1 M TBAPF6 in 
DCM, Reference Electrode: Ag (wire), Working Electrode: Pt (bottom electrode), Counter 
Electrode: Pt(wire)] 
 
 
According to above Ramp plot of Py, oxidation starts at around 0,9 V and complated 
at 1,2V. 
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Figure 4.2. Potentiodynamically synthesized PPy by 2, 4 and 8 cycles. [Monomer: 4,92x10¯³ M Py Electrolyte: 0.1 M TBAPF6 in DCM, Reference Electrode: Ag (wire), 
Working Electrode: Pt (bottom electrode), Counter Electrode: Pt(wire)] 
 
The current increases as the number cycles increases which indicates insoluble polymer film was coated on Pt bottom electrode. Multisweep 
cyclic voltammogram of 4,92x10¯³ M Py in 0.1 M TBAPF6 in DCM on Pt bottom electrode showed an increasing current density with each 
cycle, resulting in the formation of thin film of conducting polymer on Pt bottom electrode at 50 mV/s scan rate.  
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Figure 4.3. Monomer free peaks of PPy for 2,4 and 8 cycles. [Monomer: 4,92x10¯³ M Py Electrolyte: 0.1 M TBAPF6 in DCM, Reference Electrode: Ag (wire), Working 
Electrode: Pt (bottom electrode), Counter Electrode: Pt(wire); Scan rates: 100 mV/s, 200mV/s, 300 mV/s, 400mV/s, 500 mV/s]    
 
Pt bottom electrodes were washed thoroughly with DCM after electropolymerization and the scan rate dependence of polymer film was 
investigated. The cyclic voltammogram of a polymer film in monomer free solution with different scan rates (0.1 M TBAPF6 in DCM) shows 
different peaks. As seen on the diagrams above, the oxidation potential of PPy is around 0,2 V. The best oxidation-reduction behaviour of the 
polymer film was obtained by coating the electrode with 4 cycle. After 4 cycle, the plots loose its reversible behavior, as seen above. 
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4.1.1. EIS characterization of PPy 
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Figure 4.4. Bode magnitude, Phase Angles and Nyquist plots of PPy by variation of cycle numbers (2,4, and 8 cycles) (potentiodynamically). Bode Magnitude plot 
[Monomer: 4,92x10¯³ M Py Electrolyte: 0.1 M TBAPF6 in DCM, Reference Electrode: Ag (wire) Working Electrode: Pt bottom electrode, Counter Electrode: Pt(wire)] 
Range 10 kHz-10 mHz (application of amplitude of 10mV)  
Table 4.1. Impedance values and calculations of Potentiodynamically synthesized PPy. 
Cycle
z im (10
6
) Csp x 10
-4 
|C dl|  / A x10
-6 Phase 
ohm (F) (F/cm
2  
) Angle
 2cycle 0,74 2,25 1,94 74,990
 4cycle 0,44 3,79 1,62 71,490
 8cycle 0,22 7,58 1,82 63,160
Area of Electrode Surface; A =0,002cm
2
fmax : 1x10
-3
PPy
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Bode Plot shows that Cdl /A almost remains at the same value which shows there are 
almost same amount of charges around the electrode while the film gets thicker. 
The Phase Angles Plots show that the phase agles of 2, 4 and 8 cycle films remain 
almost the same as expected. More than a 45 degree angle of Phase Angles proves 
the capacitive feature of the PPy films. 
According to Nyquist Plot of PPy, Csp increases as the polymer film gets thicker 
which indicates increased conjugation and therefore increased charge storage 
capacity.  
4.1.2. Spectroelectrochemistry of PPy 
 
 
 
 
 
 
 
 
 
Figure 4.5. Spectroelectrochemistry of potentiostatically deposited PPy on a ITO coated glass 
slide in in 0.1 M TBAPF6 in DCM. Doped to 1.2 V, undoped to -1.0 V and redoped to 1.0V.  
 
Spectroelectrochemistry of polypyrrole indicated that black color in the reduced form 
observed at -1.0V and also black at +1.0V. At an applied potential of -1.0V, the 
polymer is in its fully neutral form, band gap of the polymer. Eg was calculated from 
onset for the π to π * transition as 1,67eV
4.1.3. ATR-FTIR characterization of Py and PPy 
The FTIR-ATR spectra of Py and electrochemically synthesized PPy showed the 
corresponding spectra between 4000 and 650 cm-1. (Figure 4.6) 
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Figure 4.6. Ex-situ FTIR-ATR spectra of Py and electrochemically synthesized PPy  
 
The characteristic peaks of stretching vibration of Pyrrole ring are shown around 
1638cm-1, 1527cm-1 and 1471cm-1. 3425 cm-1 on PPy and 3382 cm-1 on Py spectrum 
are attributed to N-H stretching of Py ring. 1072, 1044 and 1011 peaks of Py are 
vanished on PPy which is because of the lack of out of plane vibration due to 2H+ 
loss during the polymerization mechanism. 832 cm-1 peak is due to the anion of 
TBAPF6. 
4.2. Electrochemical Polymerization of Th and Characterization of PTh 
Electropolymerization process was performed in 0.1 M TBAPF6 in DCM at various 
scan rates, cycle numbers and monomer concentration. Electropolymerization of Th 
was achieved by potentiodynamically in 0.1 M TBAPF6 in DCM electrolyte solution 
containing 0,1 M Py for polymerization of Th in between 0.0V and +1.9V at a scan 
rate of 100 mV/s  
Py 
PPy 
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Figure 4.7. Ramp plots of Th. [Electrolyte: 0.1 M TBAPF6 in DCM, Reference Electrode: Ag 
(wire), Working Electrode: Pt (bottom electrode), Counter Electrode: Pt (wire)] 
 
Oxidation of Th starts at around 1,6 V and complated at 1,9V according to the Ramp 
plot above. 
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Figure 4.8: Potentiodynamically synthesized PTh by 2,4 and 8 cycles. [Monomer: 0,1 M Th Electrolyte: 0.1 M TBAPF6 in DCM, Reference Electrode: Ag (wire), 
Working Electrode: Pt (bottom electrode), Counter Electrode: Pt(wire)] 
 
 
The current increases as the number cycles increases which indicates insoluble polymer film was coated on Pt bottom electrode. Multisweep 
cyclic voltammogram of 0,1 M Py in 0.1 M TBAPF6 in DCM on Pt bottom electrode showed an increasing current density with each cycle, 
resulting in the formation of thin film of conducting polymer on Pt bottom electrode at 100 mV/s scan rate.  
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Figure 4.9. Monomer free peaks of PTh for 2, 4 and8 
cycles. [Monomer: 0,1 M Th Electrolyte: 0.1 M TBAPF6 in DCM, Reference Electrode: Ag (wire), Working Electrode: Pt (bottom electrode), Counter Electrode: Pt(wire); 
Scan rates: 20 mV/s, 30 mV/s, 40 mV/s, 50mV/s 
 
Pt bottom electrodes were washed thoroughly with DCM after electropolymerization and the scan rate dependence of polymer film was 
investigated. The cyclic voltammogram of a polymer film in monomer free solution with different scan rates (0.1 M TBAPF6 in DCM) shows 
different peak s. We also see the oxidation potential of PTh as 0,9 V. The best oxidation-reduction behaviour of the polymer film was obtained 
by coating the electrode with 4 cycle, as seen above.
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4.2.1. EIS characterization of PTh 
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Figure 4.10. Bode magnitude, Phase Angles and Nyquist Plots of PTh by variation of cycle numbers (2,4, and 8 cycles) (potentiodynamically). Bode Magnitude plot 
[Monomer:: 0,1 M Th Electrolyte: 0.1 M TBAPF6 in DCM, Reference Electrode: Ag (wire) Working Electrode: Pt bottom electrode, Counter Electrode: Pt(wire)] Range 10 
kHz-10 mHz (application of amplitude of 10mV) 
Table4.2. Impedance values and calculations of Potentiodynamically synthesized PTh.  
Cycle
z im (10
6
) Csp x 10
-4
|C dl|  / A x10
-6 Phase 
ohm  (F) (F/cm
2  
) Angle
 2cycle 0,51 3,27 6,23 76,080
 4cycle 0,25 6,67 7,99 70,031
 8cycle 0,09 17,73 25,91 73,371
Area of Electrode Surface; A =0,002cm
2
fmax: 1x10 
-3
PTh
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Bode Plot shows that Cdl / A increases as the polymer film gets thicker which shows 
increasing amount of charges around the electrode due to the polymerization process 
path. 
The Phase Angles Plots show that the phase agles of 2, 4 and 8 cycle films remain 
almost the same as expected. Because the PTh polymer films has over 45 degree of 
Phase Angles, we can conclude that the films have good capacitive features. 
According to Nyquist Plot of PPy, Csp increases as the polymer film gets thicker 
which indicates increased conjugation and therefore increased charge storage 
capacity.  
4.2.2. Spectroelectrochemistry of PTh 
 
 
 
 
 
 
 
 
 
Figure 4.11: Spectroelectrochemistry of potentiostatically deposited PTh on a ITO coated glass slide 
in in 0.1 M TBAPF6 in DCM. Doped to 1.9 V, undoped to -1.0 V and redoped to 1.0V.  
 
Spectroelectrochemistry of polythiophene indicated that navy-black color in the 
reduced form observed at -1.0V and a clear red at +1.0V. At an applied potential of -
1.0V, the polymer is in its fully neutral form, band gap of the polymer (Eg) was 
calculated from onset for the π to π * transition as 1,81eV. 
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4.2.3. ATR-FTIR characterization of Th and PTh 
 
The FTIR-ATR spectra of Th and electrochemically synthesized PTh showed the 
corresponding spectra between 4000 and 650 cm-1. (Figure 4.12)  
4000.0 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 650.0
14.7
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
95
98.5
cm-1
%T 
1469.10
1383.141623.31
2865.82
2962.02
1239.04
1165.73
1107.58
988.76
875.00
824.43
3073.41
3108.86
1802.801769.94
1587.92
1550.00
1403.37
1249.15
1077.24
1031.74
900.28
864.88
703.08
829.49
 
Figure 4.12. Ex-situ FTIR-ATR spectra of Th and electrochemically synthesized PTh  
 
Peaks at 1623cm -1 due to stretching vibration of Th ring, which were seen in this 
spectra. Characteristic peaks of Th are around 3100 cm -1 and 1400cm -1 due to the 
C-H stretching vibration. The peak around 2900 cm-1 is attributed to ring C-H group. 
Anion peak of TBAPF6 can be seen on 824 cm-1. Elimination of peaks around 988 
cm -1 due to the out of vibration loss for 2H+ loss during the polymerization and 
strengtening of 1400 peak prove the polymerization of Th. 
4.3. Electrochemical Polymerization of BTh and Characterization of PBTh 
Electropolymerization process was performed in 0.1 M TBAPF6 in DCM at various 
scan rates, cycle numbers and monomer concentration. Electropolymerization of BTh 
was achieved by potentiodynamically in 0.1 M TBAPF6 in DCM electrolyte solution 
containing 0,1 M BTh for polymerization of BTh in between 0.0V and +1.5V at a 
scan rate of 20 mV/s  
 
  
 PTh 
 Th 
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Figure 4.13. Ramp plots of BTh. [Electrolyte: 0.1 M TBAPF6 in DCM, Reference Electrode: Ag 
(wire), Working Electrode: Pt (bottom electrode), Counter Electrode: Pt(wire)] 
It is clear from above Ramp plot of BTh that the oxidation of BTh starts at around 
1,5 V and complated at 1,9V. 
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Figure 4.14. Potentiodynamically synthesized PBTh by 2, 4 and 8 cycles. [Monomer: 0,1 M BTh Electrolyte: 0.1 M TBAPF6 in DCM, Reference Electrode: Ag (wire), 
Working Electrode: Pt (bottom electrode), Counter Electrode: Pt(wire)] 
 
 
As the number cycles increases the current increases fairly less than other monomer which indicates fairly soluable polymer film was coated on 
Pt bottom electrode. Multisweep cyclic voltammogram of 0,1 M BTh in 0.1 M TBAPF6 in DCM on Pt bottom electrode showed an increasing 
current density with each cycle, resulting in the formation of thin film of conducting polymer on Pt bottom electrode at 20 mV/s scan rate.  
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Figure 4.15. Monomer free peaks of PBTh for 2, 4 and 8 cycles. [Monomer: 0,1 M BTh Electrolyte: 0.1 M TBAPF6 in DCM, Reference Electrode: Ag (wire), Working 
Electrode: Pt (bottom electrode), Counter Electrode: Pt(wire); Scan rates: 100 mV/s, 200 mV/s, 300 mV/s, 400 mV/s, 500 mV/s] 
 
 
Although polymer growth graphics does not satisfy our expectations, monomer free diagrams proves the polymerization of BTh even it is less 
insoluable. Pt bottom electrodes were washed thoroughly with DCM after electropolymerization and the scan rate dependence of polymer film 
was investigated. The cyclic voltammogram of a polymer film in monomer free solution with different scan rates (0.1 M TBAPF6 in DCM) 
shows different peaks. The oxidation potential of BTh is 1,16 according to the above monomer free plots. We also get some information on 
monomer free plots about the optimum film thickness regarding to the behavior of polymer. As shown above 2,4 and 8 cycle films have very 
good and precise plots which does not loose its reversibility behavior, as seen above. 
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4.3.1. EIS Characterization of PBTh 
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Figure 4.16. Bode magnitude, Phase Angles and Nyquist Plots of PBTh by variation of cycle numbers (2,4, and 8 cycles) (potentiodynamically). Bode Magnitude plot 
[Monomer:: 0,1 M BTh Electrolyte: 0.1 M TBAPF6 in DCM, Reference Electrode: Ag (wire) Working Electrode: Pt bottom electrode, Counter Electrode: Pt(wire)] Range 10 
kHz-10 mHz (application of amplitude of 10mV) 
Table4.3. Impedance values and calculations of Potentiodynamically synthesized PBTh.  
Cycle
z im (10
6
) Csp x 10-4 |C dl|  / A x10
-6 Phase 
ohm (F) (F/cm
2  
) Angle
 2cycle 4,34 0,38 0,15 79,040
 4cycle 4,03 0,41 0,20 80,940
 8cycle 4,23 0,39 0,32 83,730
Area of Electrode Surface; A =0,002cm
2
fmax: 1x10
-3
PBTh
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Bode Plot shows that Cdl / A increases as the polymer film gets thicker which shows 
increasing amount of charges around the electrode due to the polymerization process 
path. 
The Phase Angles Plots show that the phase agles of 2, 4 and 8 cycle films remain 
almost the same as expected. Because the Phase Angles of polymer films are above 
45º, we can conclude that the films have good capacitive features. 
According to Nyquist Plot of PBTh, Csp remains almost the same as cycle number 
increases which indicates that they almost have the same charge storage capacity. 
This is because of very thin film formation which can also be seen on the polymer 
growth plots of PBTh. Even 8 cycle film is too thin to increase the Csp value. 
4.3.2. ATR-FTIR Characterization of BTh and PBTh 
The FTIR-ATR spectra of BTh and electrochemically synthesized PBTh showed the 
corresponding spectra between 4000 and 650 cm-1. (Figure 4.17) 
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Figure 4.17. Ex-situ FTIR-ATR spectra of BTh and electrochemically synthesized PBTh  
 
3053 cm-1 peaks are due to N-H strenchings of BTh ring and 650 cm-1 -1300 cm-1 
peaks are C- H and C- C ring out-of-plane aromatic vibrations.Around 680 cm-1 C-S-
C peak is overlapped by C-H and C-C out of plane vibrations of aromatic ring. But 
826 cm-1 peak of TBAPF6 anion can still be seen clearly. Although it is not proved 
1582 cm-1 peaks on BTh and stronger 1633cm-1 peak on PBTh may be seen due to 
    BTh 
    PBTh 
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the heterocylic C-H vibrations. The shift of 3053 cm-1 C-H aromatic ring vibration to 
around 2900 cm-1 and strengthening of 650 cm-1 -1300 cm-1 peaks confirm the 
polymerization mechanism. Strenghtening of 1633cm-1 peak may also another profe 
of polymerization of BTh. 
4.4. Electrochemical Copolymerization of Py with Th and Characterization 
of Poly (Py-co-Th) 
Electropolymerization process was performed in 0.1 M TBAPF6 in DCM at various 
scan rates, cycle numbers and monomer concentration. Electropolymerization of Th 
was achieved by potentiodynamically in 0.1 M TBAPF6 in DCM electrolyte solution 
containing 2,46x10¯³ M Py and 0,05 M Th in between -0.2V and +1.7V at a scan rate 
of 50 mV/s  
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Figure 4.18. Ramp plots of Py-coTh. [Electrolyte: 0.1 M TBAPF6 in DCM, Reference Electrode: Ag 
(wire), Working Electrode: Pt (bottom electrode), Counter Electrode: Pt(wire)] 
 
As seen above Ramp plot, the oxidation of Poly (Py-co-Th),starts at around 1,0 V 
and complated at 1,9V. 
 
 38 
 
 
Figure 4.19. Potentiodynamically synthesized Poly (Py-co-Th) by 2 cycles. [Monomer: 2,46x10¯³ M Py and 0,05 M Th. Electrolyte: 0.1 M TBAPF6 in DCM, Reference 
Electrode: Ag (wire), Working Electrode: Pt (bottom electrode), Counter Electrode: Pt(wire)] 
 
 
The current increases as the number cycles increases which indicates insoluble polymer film was coated on Pt bottom electrode. Multisweep 
cyclic voltammogram of 2,46x10¯³ M Py and 0,05 M Th in 0.1 M TBAPF6 in DCM on Pt bottom electrode showed an increasing current density 
with each cycle, resulting in the formation of thin film of conducting polymer on Pt bottom electrode at 50 mV/s scan rate.  
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Figure 4.20. Monomer free peaks of Poly (Py-co-Th) for 2, 4 and 8 cycles. [Monomer: 2,46x10¯³ M Py and 0,05 M Th. Electrolyte: 0.1 M TBAPF6 in DCM, Reference 
Electrode: Ag (wire), Working Electrode: Pt (bottom electrode), Counter Electrode: Pt(wire); Scan rates: 20 mV/s, 50 mV/s, 100 mV/s, 200 mV/s] 
 
Pt bottom electrodes were washed thoroughly with DCM after electropolymerization and the scan rate dependence of polymer film was 
investigated. The cyclic voltammogram of a polymer film in monomer free solution with different scan rates (0.1 M TBAPF6 in DCM) shows 
different peak s. As shown above monomer free plots, the oxidation potential of Poly (Py-co-Th) is 0,4 V. As seen above the optimum thickness 
of the polymer is max. 2 cycles. Because the film looses its homogeneity even after 2 cycles it has fairly unsatisfied plots on different scan rates. 
The best oxidation-reduction behaviour of the polymer film was obtained by coating the electrode with 2 cycle. After 2 cycle, the plots loose its 
reversible behavior, as seen above. 
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4.4.1. EIS characterization of Poly(Py-co-Th) 
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Figure 4.21. Bode magnitude, Phase Angles and Nyquist Plots of P(Py-co-Th) by variation of cycle numbers (2,4, and 8 cycles) (potentiodynamically). Bode Magnitude plot 
[Monomer:: 2,46x10¯³ M Py and 0,05 M Th. Electrolyte: 0.1 M TBAPF6 in DCM, Reference Electrode: Ag (wire) Working Electrode: Pt bottom electrode, Counter 
Electrode: Pt(wire)] Range 10 kHz-10 mHz (application of amplitude of 10mV) 
Table4.4. Impedance values and calculations of Potentiodynamically synthesized Poly (Py-co-Th) 
Cycle
z im (10
6
) Csp x 10
-4 
|C dl|  / A x10
-6 Phase 
ohm (F) (F/cm
2  
) Angle
 2cycle 0,35 4,76 2,30 71,770
 4cycle 0,16 10,42 4,75 71,720
 8cycle 0,06 27,78 5,14 62,780
Area of Electrode Surface; A =0,002cm
2
fmax: 1x10
-3 
P(Py-co-Th)
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Bode Plot shows that Cdl / A increases as the polymer film gets thicker which shows 
increasing amount of charges around the electrode due to the polymerization process path. 
The Phase Angles Plots show that the phase agles of 2, 4 and 8 cycle films remain almost the 
same as expected. Because the Poly(Py-co-Th) films have over 45 degree of Phase Angles, 
we can conclude that the films have good capacitive features. 
According to Nyquist Plot of Poly(Py-co-Th), Csp increases as the polymer film gets thicker 
which indicates increased conjugation and therefore increased charge storage capacity.  
4.4.2. Spectroelectrochemistry of Poly (Py-co-Th) 
 
 
 
 
 
 
 
 
 
Figure 4.22: Spectroelectrochemistry of potentiostatically deposited Poly (Py-co-Th) on a ITO coated glass slide 
in in 0.1 M TBAPF6 in DCM. Doped to 1,7 V, undoped to -1.0 V and redoped to 1.0V.  
Spectroelectrochemistry of Poly (Py-co-Th) indicated that navy-black color in the reduced 
form observed at -1.0V and also black at +1.0V. At an applied potential of -1.0V, the polymer 
is in its fully neutral form, band gap of the polymer .Eg was calculated from onset for the π to 
π * transition as 1,31eV.  
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4.4.3. ATR-FTIR characterization of Py, Th and Poly (Py-co-Th) 
The FTIR-ATR spectra of electrochemically synthesized PPy, PTh and Poly (Py-co-
Th) showed the corresponding spectra between 4000 and 650 cm-1.(Figure 4.23)  
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Figure 4.23. Ex-situ FTIR-ATR spectra of electrochemically synthesized PPy, PTh and Poly (Py-co-
Th)  
 
Strenghtening of 2962 cm -1 peak is due to the Th attendance and the strenghtening 
of 3524 cm -1 is due to the Py attendance to the copolymerization. Splitted strong 
1633 cm -1 peak is attributed to both Th and Py attendance. Strong peaks of 1256cm -
1 and 1127 cm -1 clearly proves the copolymerization of Py and Th. Anion peak of 
TBAPF6 can also be seen on 824 cm-1.  
4.5. Electrochemical Copolymerization of BTh with Py and Characterization 
of Poly (BTh-co-Py) 
Electropolymerization process was performed in 0.1 M TBAPF6 in DCM at various 
scan rates, cycle numbers and monomer concentration. Electropolymerization of Th 
was achieved by potentiodynamically in 0.1 M TBAPF6 in DCM electrolyte solution 
containing 2,46x10¯³ M Py and 0,05 M BTh in between -0.2V and +1.4V at a scan 
rate of 50 mV/s  
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PPy  
PTh  
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Figure 4.24. Ramp plots of Poly (BTh-co-Py). [Electrolyte: 0.1 M TBAPF6 in DCM, Reference 
Electrode: Ag (wire), Working Electrode: Pt (bottom electrode), Counter Electrode: Pt(wire)] 
As seen above Ramp plot, the oxidation of Poly (BTh-co-Py),starts at around 0,9 V 
and complated at 1,9V. 
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Figure 4.25. Potentiodynamically synthesized Poly (BTh-co-Py) by 2, 4 and 8 cycles. [Monomer: 0,05 M BTh and 2,46x10¯³ M Py. Electrolyte: 0.1 M TBAPF6 in DCM, 
Reference Electrode: Ag (wire), Working Electrode: Pt (bottom electrode), Counter Electrode: Pt(wire) 
 
 
The current increases as the number cycles increases which indicates insoluble polymer film was coated on Pt bottom electrode. Multisweep 
cyclic voltammogram of 2,46x10¯³ M Py and 0,05 M BTh in 0.1 M TBAPF6 in DCM on Pt bottom electrode showed an increasing current 
density with each cycle, resulting in the formation of thin film of conducting polymer on Pt bottom electrode at 50 mV/s scan rate.  
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Figure 4.26. Monomer free peaks of Poly (BTh-co-Py) for 2, 4 and 8 cycles. [Monomer: 0,05 M BTh and 2,46x10¯³ M Py. Electrolyte: 0.1 M TBAPF6 in DCM, Reference 
Electrode: Ag (wire), Working Electrode: Pt (bottom electrode), Counter Electrode: Pt(wire); Scan rates: 20 mV/s, 50 mV/s, 100 mV/s, 200 mV/s] 
 
 
Pt bottom electrodes were washed thoroughly with DCM after electropolymerization and the scan rate dependence of polymer film was 
investigated. The cyclic voltammogram of a polymer film in monomer free solution with different scan rates (0.1 M TBAPF6 in DCM) shows 
different peak s. The oxidation potential of Poly (BTh-co-Py) is around 0,45 according to above given plots. The optimum polymer thickness is 2 
and 4 cyles and they have good enough reversibility but 8 cycle film looses its reversibility as shown above.  
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4.5.1. EIS characterization of Poly (BTh-co-Py) 
 
 
 
 
 
 
 
Figure 4.27. Bode magnitude, Phase Angles and Nyquist Plots of P(BTh-co-Py) by variation of cycle numbers (2,4, and 8 cycles) (potentiodynamically). Bode Magnitude 
plot [Monomer:: 2,46x10¯³ M BTh and 0,05 M Py. Electrolyte: 0.1 M TBAPF6 in DCM, Reference Electrode: Ag (wire) Working Electrode: Pt bottom electrode, Counter 
Electrode: Pt(wire)] Range 10 kHz-10 mHz  
Table4.5. Impedance values and calculations of Potentiodynamically synthesized Poly (BTh-co-Py).  
Cycle
z im (10
6
) Csp x 10
-4 
|C dl|  / A x10
-6 Phase 
ohm (F) (F/cm
2  
) Angle
 2cycle 0,60 2,78 3,34 76,000
 4cycle 0,70 2,38 0,88 68,000
 8cycle 0,80 2,08 0,18 55,800
Area of Electrode Surface; A =0,002cm
2
fmax: 1x10
-3
P(BTh-co-Py)
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Bode Plot shows that Cdl / A decreases as the polymer film gets thicker which shows 
decreasing amount of charges around the electrode due to the polymerization. 
The Phase Angles Plots show that the phase agles of 2, 4 and 8 cycle films remain 
almost the same. Because the Phase Angles of P(BTh-co-Py) films have over 45 
degree, we can conclude that the films have good capacitive features.  Slightly 
decrase on 8 cycle can be due to the reversibility loss which can also be seen on 
monomer free plot. 
According to Nyquist Plot of P(BTh-co-Py), Csp increases as the polymer film gets 
thicker which indicates increased conjugation and therefore increased charge storage 
capacity. 
4.5.2. Spectroelectrochemistry of Poly (BTh-co-Py) 
 
 
 
 
 
 
 
 
Figure 4.28. Spectroelectrochemistry of potentiostatically deposited Poly (BTh-co-Py) on a ITO 
coated glass slide in in 0.1 M TBAPF6 in DCM. Doped to 1.4 V, undoped to -1.0 V and redoped 
to 1.0V.  
 
Spectroelectrochemistry of Poly (BTh-co-Py) indicated that navy-black color in the 
reduced form observed at -1.0V and also black at +1.0V. At an applied potential of -
1.0V, the polymer is in its fully neutral form, band gap of the polymer (Eg) was 
calculated from onset for the π to π * transition as 1,19eV.  
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4.5.3. ATR-FTIR characterization of BTh, Py and Poly (BTh-co-Py) 
The FTIR-ATR spectra of electrochemically synthesized PBTh, PPy and Poly (BTh-
co-Py) showed the corresponding spectra between 4000 and 650 cm-1. (Figure 4.29) 
We can see the peaks of Py at 1628 cm-1 and around 1082 cm-1. Poly (BTh-co-Py) 
peak at 1067 cm-1 verifies the copolymerization of BTh and Py.  
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Figure 4.29. Ex-situ FTIR-ATR spectra of electrochemically synthesized PBTh and PPy Poly 
(BTh-co-Py) film. 
 
Strenghtening of 3478 cm-1(N-H aromatic vibration of Py), 2967 cm-1(C-H aromatic 
vibration), and 1633 cm-1 peaks confirms the copolymerization of BTh and Py. 
Another interesting peak is shown in 1067 cm-1 and 986 cm-1 also proves the 
attendance of BTh and Py. We can clearly see anion peak in 829 cm-1. 
4.6. Electrochemical Copolymerization of BTh with Th and Characterization 
of Poly (BTh-co-Th) 
Electropolymerization process was performed in 0.1 M TBAPF6 in DCM at various 
scan rates, cycle numbers and monomer concentration. Electropolymerization of Th 
was achieved by potentiodynamically in 0.1 M TBAPF6 in DCM electrolyte solution 
containing Th and BTh in nBTh /nTh=1/25 ratios between 0.0V and +1.7V at a scan 
rate of 50 mV/s  
PBTh 
PPy 
Poly (BTh-co-Py) 
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Figure 4.30. Ramp plots of Poly (BTh-co-Th). [Electrolyte: 0.1 M TBAPF6 in DCM, Reference 
Electrode: Ag (wire), Working Electrode: Pt (bottom electrode), Counter Electrode: Pt(wire) 
 
As shown on above Ramp plot, the oxidation of Poly (BTh-co-Th),starts at around 
1,5 V and complated at 1,9V. 
 50 
0,0 0,2 0,4 0,6 0,8 1,0 1,2 1,4 1,6 1,8
-0,00002
0,00000
0,00002
0,00004
0,00006
0,00008
0,00010
0,00012
0,00014
0,00016
I
(
A
)
V
0,0 0,2 0,4 0,6 0,8 1,0 1,2 1,4 1,6 1,8
-0,000010
-0,000005
0,000000
0,000005
0,000010
0,000015
0,000020
0,000025
0,000030
0,000035
0,000040
0,000045
0,000050
0,000055
0,000060
0,000065
0,000070
0,000075
0,000080
I
(
A
)
V
0,0 0,2 0,4 0,6 0,8 1,0 1,2 1,4 1,6 1,8
0,0000
0,0001
I
(
A
)
V
 
 
 
 
 
 
 
 
Figure 4.31. Potentiodynamically synthesized Poly (BTh-co-Th) by 2 cycles. [Monomer:nBTh /nTh=1/25. Electrolyte: 0.1 M TBAPF6 in DCM, Reference Electrode: Ag 
(wire), Working Electrode: Pt (bottom electrode), Counter Electrode: Pt(wire) 
 
 
The current increases as the number cycles increases which indicates insoluble polymer film was coated on Pt bottom electrode. Multisweep 
cyclic voltammogram of Th and BTh in nBTh /nTh=1/25 ratios 0.1 M TBAPF6 in DCM on Pt bottom electrode showed an increasing current 
density with each cycle, resulting in the formation of thin film of conducting polymer on Pt bottom electrode at 50 mV/s scan rate.  
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Figure 4.32. Monomer free peaks of Poly (BTh-co-Th) for 2, 4 and 8 cycles. [Monomer: nBTh /nTh=1/25. Electrolyte: 0.1 M TBAPF6 in DCM, Reference Electrode: Ag 
(wire), Working Electrode: Pt (bottom electrode), Counter Electrode: Pt(wire); Scan rates: 20 mV/s, 50 mV/s, 100 mV/s, 200 mV/s] 
 
 
Pt bottom electrodes were washed thoroughly with DCM after electropolymerization and the scan rate dependence of polymer film was 
investigated. The cyclic voltammogram of a polymer film in monomer free solution with different scan rates (0.1 M TBAPF6 in DCM) shows 
different peak s. The oxidation potentialof BTh-co-Th is 1,07 according to the monomer free plots given above.Monomer free plots of the 
polymer indicates that even in increased cycles, the film do not loose its reversibility. It is appropriate for us to make thicker coatings on the 
electrode therefore let us compare and contrast more data.  
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4.6.1. EIS characterization of Poly (BTh-co-Th) 
 
 
 
 
 
 
 
 
Figure 4.33. Bode magnitude,Phase Angles and Nyquist Plots of Poly (BTh-co-Th) by variation of cycle numbers (2,4, and 8 cycles) (potentiodynamically). Bode Magnitude 
plot [Monomer: nBTh /nTh=1/25. Electrolyte: 0.1 M TBAPF6 in DCM, Reference Electrode: Ag (wire) Working Electrode: Pt bottom electrode, Counter Electrode: Pt(wire)] 
Range 10 kHz-10 mHz  
Table4.6. Impedance values and calculations of Potentiodynamically synthesized Poly (BTh-co-Th).  
Cycle
z im (10
6
) Csp x 10
-4 
|C dl|  / A x10
-6 Phase 
ohm  (F) (F/cm
2  
) Angle
 2cycle 7,15 0,23 0,15 70,380
 4cycle 8,70 0,19 0,12 72,790
 8cycle 4,49 0,37 0,46 70,120
Area of Electrode Surface; A =0,002cm
2
fmax : 1x10
-3
P(BTh-co-Th)
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Bode Plot shows that Cdl / A increases as the polymer film gets thicker which shows 
increasing amount of charges around the electrode due to the polymerization. 
The Phase Angles Plots show that the phase agles of 2, 4 and 8 cycle films remain almost the 
same. Because the Phase Angles of Poly(BTh-co-Th) films have over 45 degree, we can 
conclude that the films have good capacitive features.  
According to Nyquist Plot of Poly(BTh-co-Th), Csp increases as the polymer film gets thicker 
which indicates increased conjugation and therefore increased charge storage capacity.  
4.6.2. Spectroelectrochemistry of Poly (BTh-co-Th) 
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Figure 4.34: Spectroelectrochemistry of potentiostatically deposited Poly (BTh-co-Th) on a ITO coated 
glass slide in in 0.1 M TBAPF6 in DCM. Doped to 1.7 V, undoped to -1.0 V and redoped to 1.0V.  
Spectroelectrochemistry of Poly (BTh-co-Th) indicated that navy-brown color in the reduced 
form observed at -1.0V and also navy-brown black at +1.0V. At an applied potential of -1.0V, 
the polymer is in its fully neutral form, band gap of the polymer. Eg was calculated from 
onset for the π to π * transition as 1,35eV.  
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4.6.3. ATR-FTIR Characterization of BTh, Th and Poly (BTh-co-Th) 
The FTIR-ATR spectra of electrochemically synthesized PBTh, PTh and Poly (BTh-
co-Th) showed the corresponding spectra between 4000 and 650 cm-1. (Figure 4.35) 
When we examine the FT-IR spectrum we obviously see the characteristic and 
specific peak of Th at 1471 cm-1 and around 8000 cm-1. C-S peaks of Th are 
observed around 1000-1200 cm-1. Copolymer spectrum is much more similar to 
PBTh spectrum than PTh, which gives us an idea about more BTh attendance on the 
copolymer chain rather than Th and yet; 1029 cm-1 on Poly (BTh-co-Th) peaks verify 
the copolymerization of BTh and Th. 
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Figure 4.35. Ex-situ FTIR-ATR spectra of electrochemically synthesized PBTh, PTh and Poly 
(BTh-co-Th) film  
In addition to all characteristic peaks of BTh and Th mentioned above diagrams, we 
can see the a different peak at around 986 cm-1.This peak is due to the C-H vibrations 
of copolymer which confirms the copolymerization of two monomers. 826 cm-1 peak 
of TBAPF6 anion can still be seen clearly again.  
4.7. Conductivities of PPy, PTh, PBTh, Poly (Py-co-Th), Poly (BTh-co-Py) 
and Poly (BTh-co-Th)  
Conductivities of electrochemically synthesized PPy, PTh, PBTh, Poly (Py-co-Th), 
Poly (BTh-co-Py) and Poly (BTh-co-Th) pellets are measured by Four Probe 
PBTh 
PTh 
Poly (BTh-co-Th) 
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Conductivity Equipment which measures the potential and the current values of the 
product. These two value let us measure the conductivity of the polymers and 
copolymers through the Equation 2.  
Where V is the potantial in volts, I is current in amper and dn is the thickness in cm, 
σ is the conductivity in S/cm. 
Table 4.7: Conductivities of Potentiodynamically synthesized PPy, PTh, PBTh, Poly (Py-co-Th), 
Poly (BTh-co-Py) and Poly (BTh-co-Th) 
σ (S/cm)x10
-3
PPy 126
PTh 58837
PBTh 22
P(Py-co-Th) 4413
P(BTh-co-Py) 22
P(BTh-co-Th) 54  
 
The conductivities of the products are listed above mentioned Table 4.10. Because 
the conductivity of BTh is very low BTh-co-Th and BTh-co-Py copolymers also 
have very low conductivities. The conductivity of Poly (Py-co-Th) gets higher than 
the PPy due to the attendance of PTh which has a very high conductivity. 
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Figure 4.36. Conductivities of PPy, PTh, PBTh, Poly (Py-co-Th), Poly (BTh-co-Py) and Poly 
(BTh-co-Th) 
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Cycle y (DD)
 2cycle 0,1219
 4cycle 0,0583
 8cycle 0,0290
 2cycle 0,0065
 4cycle 0,0067
 8cycle 0,0074
 2cycle 0,0131
 4cycle 0,0048
 8cycle 0,0022
 2cycle 0,0441
 4cycle 0,0237
 8cycle 0,0439
 2cycle 0,0110
 4cycle 0,0045
 8cycle 0,0020
 2cycle 0,0207
 4cycle 0,0043
 8cycle 0,0023
PTh
PPy
PBTh
Poly(Py-co-Th)
Poly(BTh-co-Py)
Poly(BTh-co-Th)
4.8. Doping Degree of PPy, PTh, PBTh, Poly (Py-co-Th), Poly (BTh-co-Py) 
and Poly (BTh-co-Th)  
Table 4.8. Table of Dopping degree of potentiodynamically synthesized polymers and copolymers 
 
 
 
 
 
 
 
 
 
 
As the cycle number of PPy increases, polymer film gets thicker fastly therefore it 
gets unable to give all doped anions into the solution. Hence doping degree of the 
polymer film decreases as cycle number increases. Basically when the polymer film 
is too thick, the measured doping degree value belongs to the outermost film instead 
of the whole polymer film.   
PTh values slightly increase as the cycle number increase which also confirms the 
Cdl/A increase of the PTh film while it gets thicker. 
Doping degree of PBTh decreases as the cycle number increases. This is due to the 
limited thickness of the film. PBTh film is too thin in even 8 cycle coating, which 
can fail to give repetitive results. 
Doping degree of Poly(Py-co-Th) remains almost the same.  
Doping degree of Poly(BTh-co-Py) decreases which also confirms the decrease of 
Cdl/A as it gets thicker. The decrease on doping degree is also due to the unability of 
the doped anions which are caught and could not pass to the solution.   
Doping degree of Poly(BTh-co-Th) decreases as the cycle number increases. This is 
also due to the very thin film formation. 
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4.9.  Morphologies of Coatings  
According to underbelow SEM photographs of PPy and PTh, they both have porous 
structures. Relatively PBTh has a smoother surface. The attendance of Py and Th to 
the PBTh structure transforms the smooth surface into a more porous structure which 
proves the copolymerization process. 
 
 
Figure 4.37. SEM micrograph of electrochemically synthesized PPy. 
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Figure 4.38. SEM micrograph of electrochemically synthesized PTh. 
 
 
 
 
 
Figure 4.39. SEM micrograph of electrochemically synthesized PBTh. 
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Figure 4.40. SEM micrograph of electrochemically synthesized Poly(Py-co-Th). 
 
 
 
 
 
 
Figure 4.41. SEM micrograph of electrochemically synthesized Poly(BTh-co-Py). 
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Figure 4.42. SEM micrograph of electrochemically synthesized Poly(BTh-co-Th). 
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5. CONCLUSION 
Although there are pyrrole and thiophene homopolymer and copolymer studies in 
literature, there are no studies on electrochemical homopolymerization or 
copolymerization of benzothiophene with pyrrole or thiophene in present. 
The copolymerization of benzothiophene with pyrrole and thiophene for the first 
time in literature, and copolymerization of pyrrole and thiophene were done by 
electrochemical methods. Results were compaired between homopolymers and 
copolymers. 
Our experimental results confirm that although homopolymerization process of BTh 
is difficult; copolymers of BTh with both Th and Py are realized easily at the same 
conditions as homogenous and stable copolymer films. As the synthesis of the 
copolymers of BTh, improved and strengthened Cdl, Csp, Eox, Ip and Eg values are 
obtained. 
The ratio of BTh and Py is 1:1 at the same conditions.Because Eox of Py is much 
lower than BTh, Py has more opportunity to attend the structre and therefore it 
strengthens and improves the features of BTh. For instance Csp value of BTh raises 
from 0,38 F to 2,78 F through copolymerization.  
Because of the low activity of Th, Poly(BTh-co-Th) is obtained through BTh:Th 
ratio as 1:25 and copolymerization is obtained successfully. Despite the high Th 
ratio, Cdl, Csp and doping degree values show that Poly(BTh-co-Th) has a dominantly 
BTh features rather than Th.  
The experimental results show that the conductivity of BTh is very low compared to 
Py and Th. Although the conductivity of Py is fairly high, it is unable to raise the 
conductivity of Poly (BTh-co-Py). Even Th with a very high conductivity, it also 
failed to raise the conductivity of the copolymer with BTh. We also had the chance 
to see the Py-co- Th polymer conductivity which is in between the values of PPy and 
PTh.  
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The Eox and band gap values of potentiodynamically synthesized homopolymers and 
copolymers also confirm the copolymerizations. Eox and Ip values of the copolymers 
are in between the homopolymers of its components. Eox values of PPy: PBTh and 
Poly(BTh-co-Py) are 0,2 V: 1,16V: and 0,45 V in order. All other copolymers have 
the value of between that of their homopolymers. All band gap values obtained for 
copolymers are all slightly lower than homopolymers.The Phase angles of 
copolymers are also slightly lower than homopolymer. 
Our experimental results confirm that although homopolymerization process of BTh 
is difficult; copolymers of BTh with both Th and Py are realized easily at the same 
conditions as homogenous and stable copolymer films. For instance we could not be 
able to get a BTh polymer film on ITO but the copolymers of BTh with Th and Py on 
ITO was very successful. 
SEM micropraphs also confirms the copolymerization process by transforming the 
smooth surface of PBTh into a more porous surface. 
These results together with infrared spectra, conductivity, spectroelectrochemistry 
results and supported the idea of copolymerization of Py with Th, BTh with Th and 
BTh with Py. 
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Figure A1. Ramp plots of Py,Th, BTh, Py-co-Th, BTh-co-Py and BTh-co- Th. 
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PPy PTh PBTh Poly(Py-co-Th) Poly(BTh-co-Py) Poly(BTh-co-Th)
Eox 0,20 0,90 1,16 0,40 0,45 1,07
Eg 1,67 1,81 -- 1,31 1,19 1,35
Ea (eV/mol) 2,93 3,49 -- 3,49 3,66 4,12
Ip (eV/mol) 4,60 5,30 5,56 4,80 4,85 5,47
Table A1. Impedances of Potentiodynamically synthesized PPy, PTh, PBTh, Poly (Th-co-Py), Poly 
(BTh-co-Py) and Poly (BTh-co-Th) 
Cycle
z im (10
6) Csp x 10-4 |C dl|  / A x10
-6 Phase 
ohm (F) (F/cm
2  
) Angle
 2cycle 0,74 2,25 1,94 74,990
 4cycle 0,44 3,79 1,62 71,490
 8cycle 0,22 7,58 1,82 63,160
 2cycle 0,51 3,27 6,23 76,080
 4cycle 0,25 6,67 7,99 70,031
 8cycle 0,09 17,73 25,91 73,371
 2cycle 4,34 0,38 0,15 79,040
 4cycle 4,03 0,41 0,20 80,940
 8cycle 4,23 0,39 0,32 83,730
 2cycle 0,35 4,76 2,30 71,770
 4cycle 0,16 10,42 4,75 71,720
 8cycle 0,06 27,78 5,14 62,780
 2cycle 0,60 2,78 3,34 76,000
 4cycle 0,70 2,38 0,88 68,000
 8cycle 0,80 2,08 0,18 55,800
 2cycle 7,15 0,23 0,15 70,380
 4cycle 8,70 0,19 0,12 72,790
 8cycle 4,49 0,37 0,46 70,120
Area of Electrode Surface; A =0,002cm
2
fmax: 1x10
-3
P(BTh-co-Py)
P(BTh-co-Th)
PTh
PPy
PBTh
P(Py-co-Th)
 
 
 
 
 
Table A2. Eox, Eg, Ea and Ip values of Potentiodynamically synthesized PPy, PTh, PBTh, Poly (Py-
co-Th), Poly (BTh-co-Py) and Poly (BTh-co-Th)  
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Figure A2. Electrochemical Polymerization Mechanism of Benzothiophene 
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Figure A3.. Electrocopolymerization Mechanism of BTh and Py .
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Figure A4. Electrocopolymerization Mechanism of BTh and Th
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